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One of the early concerns in quantum field theory was causality – can one ensure that
measurements at spacelike separation do not interfere? General issues of this type were
important in the days when little was understood about the underlying dynamics of
particle interactions; the hope was to place constraints on the types of allowed dynamics
and interactions on the basis of cherished tenets of kinematics. There were in fact two
ways to approach the problem. First, one could take the point of view that only the
results of scattering experiments had physical content; then causal behavior means that
the scattered wave cannot reach the detector before the incident wave strikes the target.
We might describe this as global causality, and it is obeyed by tachyon-free string theory
S-matrices. However there is a second, local version of causality, which asks whether
local measurements commute at spacelike separation. Local causality ensures global
causality in ordinary field theory, and typically one can construct global violations
from local ones, so it would seem that the two are equivalent. But in quantum field
theory the local question is more fundamental, and can be resolved without solving any
complicated global problem such as long-distance signal propagation. Local causality
rests on the universal properties of field theory, e.g. that any manifold locally looks the
same, rather than their implementation in any particular spacetime background. For
instance we can be sure that an interacting scalar field propagating in a Schwarzschild
geometry obeys the axioms of local field theory without having to solve for the full
S-matrix of the problem.
The consequences of causality in field theory are dispersion relations arising from the
analyticity of correlation functions in the complex plane of the kinematical invariants.
These dispersion relations reaveal themselves in terms of the analyticity properties of
the correlation functions[1]. For instance the N -point correlation function of a scalar
field
〈0|φ(x1) · · ·φ(xN)|0〉 =
∫
dsij GN(sij) ∆N (xi − xi+1; sij) (1)
∆N =
∫
dpi exp[ipj · (xj − xj+1)]δ(pi · pj − sij)
∏
k
θ(p0k) (2)
is analytic in the complex plane of the kinematical invariants sij (for the two-point
function this is the Ka¨llen-Lehmann representation of the propagator). The represen-
tation splits dynamics contained in the function GN from the kinematics residing in
the basic objects ∆N . Dispersion relations arise from the deformation of the contour
integral over sij onto cuts.
In quantum particle-field theory, we are used to the idea that dynamics takes place
on a given spacetime manifold, with specified causal structure. A generic kinematic
structure provides the arena in which dynamics unfolds. Causality of the dynamics
is intimately tied to the topology of light cones. One of the great confusions of the
present day is how to reconcile fluctuations of the causal structure and causality; how
can quantum superposition and causal relationships of events coexist? It is an issue the
Hawking paradox frames sharply.
String theory is in an even more primitive state. I think it is fair to say that the issue
of what a light cone is in string theory is not yet settled even in the classical theory. The
string S-matrix is causal when considered as a function of the center of mass momenta
of scattering strings. However the center of mass momentum is conjugate to the center
of mass position of the string, which may or may not be causally related to the locations
of string interactions which take place locally on the string; it is not a priori obvious
how to relate this global causality in the center of mass to some local notion of causality
in, say, the loop space that is the arena of string dynamics as we now understand it.
There is of course the natural notion that the light cone structure of loop space is
induced from the light cone topology of its underlying point manifold. But can there
be a different notion of light cone? Indeed, is there any operational sense in which the
light cone structure is determined by the point manifold light cones when there are
no pointlike objects which could detect this causal structure? For instance, with the
infinity of points on the string, there are infinitely many Lorentz invariant quantities
one can build; what could be the analog of ∆N in string field theory?
A number of arguments have been put forward proposing that string theory exhibits
a ‘generalized uncertainty principle’ whereby objects cannot be localized to a region
smaller than the string scale ℓs =
√
h¯cα′ [2][3][4] [5][6] There are two models for how this
principle manifests itself in string theory. The first model is entropic; it is not that there
is a limiting size in string theory, but rather that the probability of observing pointlike
behavior is extremely small (e.g. form factors for hard scattering have gaussian falloff
as one begins to probe constituent structure[4], or thermal partition functions exhibit
slower growth at high temperature[6]). Such a model would not require a fundamental
overhaul of the conceptual foundations of spacetime geometry. The second model is
the Heisenberg uncertainty relation – short distance measurements are meaningless and
we should reformulate the theory in such a way that it is impossible to ask about
them. The irrelevance of spacetime discreteness[5][7] and the smearing introduced by
renormalization[3] may point in this direction. If this second model were the proper
setting, then one would probably need to abandon the notion of having the string
causal structure induced from a point manifold, if not the notion of manifolds and loop
space altogether. Obviously the choice of model made by string theory has profound
implications for the question of what a horizon (and hence a black hole) is in string
theory.
One approach to the causality problem is to work backwards: to take a given string
theory and try to deduce the causal structure from a specific set of measurements.
This has the unfortunate property that it does not necessarily isolate the kinematics
from the dynamics. In addition, the specific measurements we shall choose below are
not gauge invariant, and eventually we will have to understand how to separate the
causal structure and the gauge dependence. In particle-field theory, the light cone is
quite simply found as the boundary of the domain of commutativity of two scalar field
operators. We will adopt the same definition for string theory and see where it leads
us.
Consider the two-point function in particle field theory
〈0| [φ(x), φ(x′)] |0〉 =
∮
C
dp0
2π
∫
d~p
(2π)d−1
i eip·x
p2 −m2 . (3)
The contour integral here encircles both the poles of the integrand in the complex p0
plane. Some elementary algebra yields
〈0| [φ(x), φ(x′)] |0〉 =
∫
∞
0
dτ
( 1
4πτ
)d/2(
exp i
[
(x− x′)2
4τ
−m2τ
]
− h.c.
)
. (4)
This expression has the following analyticity properties in τ as a function of (x− x′)2:
• (x− x′)2 > 0: Both terms in (4) are real and equal upon continuation
to the approporiate imaginary semi-axis; they cancel one another and
the field commutator vanishes.
• (x − x′)2 < 0: One cannot rotate the contour to the imaginary axis
so that the integral converges both at zero and infinity; the two terms
don’t cancel and the field commutator is nonzero.
Thus the hypersurface (x− x′)2 = 0 can be identified as the boundary of causal propa-
gation – the light cone.
The signs of the exponent for τ → 0 and τ → ∞ determine the direction of the
contour rotation. The sign for τ → ∞ is controlled by the sign of the particle mass.
The sign for τ → 0 can be read directly from the semiclassical limit of the path integral
representation of the two-point function
〈0|φ(x)φ(x′) |0〉 =
∫
X(0)=x
X(τ)=x′
DX exp
[
i
mh¯
∫ τ
0
1
2
x˙2
]
(5)
For short proper time of propagation, the straight-line motion of the particle from initial
to final points dominates: Scl ∝ (x − x′)2/τ . The sign of the exponent is indeed the
sign of (x− x′)2.
The calculation in string field theory (as currently understood) is no different. The
string field Φ(X(σ), B(σ), C(σ)) creates/destroys entire strings (here B(σ), C(σ) are
Faddeev-Popov ghost coordinates). The two-point function can be written as a path
integral[8][9] with the action
〈0|Φ(X)Φ(X ′) |0〉 =
∫
Xinit=X(σ)
Xfinal=X
′(σ)
DX exp
[
i
h¯α′
∫ τ
0
dt dσ[−(∂tX)2 + (∂σX)2]
]
(6)
In order to simplify the presentation the ghost coordinates have been suppressed here
and below. The short-time limit of the action ignores the harmonic forces (∂σX)
2 since
there is no time to react to them. Each point on the string moves ballistically from
X(σ) to X ′(σ), so the classical action is
Scl ∼
∫
dσ(X −X ′)2
τ
(7)
Hence repeating the steps to the point particle field commutator yields [Φ,Φ′] = 0 if
and only if
∫
dσ(X −X ′)2 > 0. Note that there is an immediate generalization of the
causal boundary to an arbitrary curved spacetime
∫
dσ I(X(σ), X ′(σ)) = 0 (8)
where I(σ) is the geodesic interval between X(σ) and X ′(σ).
Let me conclude with a few remarks:
• Any given measurement can only reveal a finite amount of information
about the relative location of the two strings. So the strings must de-
cide whether they are relatively spacelike or timelike – yes or no – and
faced with only these two options, democratically takes the majority
vote across the string. But note that this answer is quite bizarre since
a given measurement can only reflect the average causal relationship
of the points on the two strings. Consider the case where X(σ) is a
pointlike string, X(σ) = x. Then part of X ′(σ) can be outside the
point light cone of x, yet still the measurements interfere; on the other
hand, part of X ′(σ) can be inside the point light cone of x and yet the
measurements do not interfere! The fact that the commutator calcula-
tion can be phrased in terms of semiclassical world sheet physics does
mean that no information encoded in the string configuration itself is
being propagated outside the point light cone; the Virasoro constraints
guarantee that the world sheet causal structure is the one projected
from the point spacetime. However the string field is a function on the
whole string, not part of it, so it is not clear what the effect is on the
propagation of the string field.
• The light cone ∫
dσ(X −X ′)2 = 0 (9)
is invariant under conformal transformations of spacetime generated
on loop space by the operator
∫
dσX(σ)∂/∂X(σ) and its cousins, so it
does play to some extent the same role that the point light cone does
for a point particle.
• Unfortunately the expression (9) is rather badly noninvariant under
gauge transformations of string theory (reparametrizations of the loops).
Thus one might worry that ‘spacelike’ noncommutation of string fields
is only a gauge artifact; however the fact that a light cone calculation
yields a similar result [10] suggests that this is not the crux of the
problem.
• The semiclassical approach outlined above immediately shows that the
evaluation of field commutators in the interacting theory yields results
that are strongly dependent on the choice of interaction vertex. For
instance, the correlation function
〈0|Φ(X1)[Φ(X2),Φ(X3)] |0〉 (10)
can be evaluated with either theWitten-type[11] or Mandelstam-type[12]
overlap. The sign of the exponent in the short-time, semiclassical limit
of the path integral will give a vanishing result a) for the Witten vertex
if the overlapping ‘half-strings’ obey condition
∫ b
a (X2−X3)2 > 0 (with
a the string midpoint and b its endpoint), and b) for the Mandelstam
vertex if the segments of strings two and three that overlap (e.g. all of
string two overlaps with part of string three) are on average causally
related. In either case the answer seems not to depend on the parts
of the loop arguments outside the segments that overlap, and does de-
pend strongly on the (gauge-dependent) geometry of the overlap. All
this points to the necessity of a better understanding of string gauge
invariance before causality can be properly addressed.
• We have phrased the problem of causality in the loop representation
(position eigenstates X(σ)). Causality for mass eigenstates involves a
convolution
Φ({nℓ}) =
∫ ∏
ℓ
dxℓ Hnℓ(xℓ)Φ({xℓ}) (11)
where Hnℓ(xℓ) is a Hermite function. This smearing involves δxℓ ∼ 1/ℓ;
summing over ℓ, the string wanders logarithmically over all spacetime.
The typical string contributing to typical processes is wild; smooth
loops have measure zero. But then what is causality? Clearly we need
a renormalized notion of the spread of the string and of locality. In the
low energy theory, particles are a good approximation to strings; only
the center of mass location of the string is effectively measured, and
the logarithmically large spread of the string is erased by averaging to
leave a finite but nonzero residue of order the string scale. The question
is whether in this averaging process one smears out the ‘location’ of
information carried by strings. An effective string size should be set
by the spacetime energy scale of the process under consideration (as
occurs, for example, in [4]). This sort of consideration could result
in an effective smearing of the light cone. Similar arguments have
been put forward[2] to support the Heisenberg model of the generalized
uncertainty principle.
Finally, and perhaps most important, the argument leading to the causality con-
dition assumed that the fluctuation determinants of the string modes do not compete
with the exponential of the classical action in determining the convergence of the proper
time integral in the path integral representation of the two-point function. Indeed, in
particle-field theory the determinant contributes a power law underneath exp[−Scl].
However we should know very well that in string theory this is usually not the case due
to the exponential growth in the level density of string states; I thank M. Green for
pointing this out to me. The effect of including this exponential contribution is to shift
the commutator condition by a constant (spacelike) term (see [13] for closely related
calculations): ∫
dσ(X −X ′)2 = 1 (12)
is the causal boundary. Green has suggested that this is another piece of evidence
pointing toward the Heisenberg paradigm for the generalized uncertainty relation, since
even pointlike states leak information outside the point light cone[9]. This spacelike
shift appears even in the superstring for certain worldsheet boundary conditions and
hence seems unrelated to the presence or absence of a tachyon in the physical spectrum.
If these boundary conditions contribute to physical processes, and the spacelike pole is
not a gauge artifact[9], then indeed we will have to revise our notions of geometry in
string theory.
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